GCV fasting
Residual GCV in fasting condition (baseline) has been validated for measurement of gastric volume (8) and gastric emptying (GE). (3, 4) Initial validation studies have shown good correlation between MRI and barostat measurements of gastric accommodation in healthy volunteers; (8) however, important differences in absolute volume responses and early gastric emptying were also observed. (9) It is unclear whether comparisons between the two techniques are valid across a range of experimental conditions (e.g. meal volume) and in patients 13 C-breath test 5 with abnormal gastric function (e.g. dyspepsia). Similarly, breath tests using substrates labeled with stable 13 C have been used to measure GE, (10, 11) 
GE

SUBJECTS AND METHODS
Subjects
Eight HC and eight FD patients with early satiety as a predominant symptom (1) participated in the study. Groups were matched for demographic variables ( Table 1) and all subjects had a similar dietary history within two weeks prior to the study. (18) HC were screened and had no evidence of gastrointestinal disease on investigation.
Diagnosis of functional dyspepsia was based on Rome II criteria and normal endoscopy. (19) Patients with predominant reflux symptoms, diabetes mellitus, prior abdominal surgery except appendectomy, cholecystectomy, hysterectomy or hernia repair, use of medications known to influence gastrointestinal motor function or nutrient metabolism within one week prior to the start of the study, and females with inadequate contraception were excluded from the study.
Written informed consent was obtained from each participant prior to entry into the study. The study was carried out according to Good Clinical Practice and the Declaration of Helsinki. The study protocol was approved by the local Ethics
Committee of the Department of Internal Medicine at the University Hospital Zurich, Switzerland (EK-Nr. 905).
Study design
The study followed a prospective, randomized design. Each subject was investigated on three different morning sessions, separated by one week. On separate study days, BT and simultaneous gastric MRI were performed prior to and after administration of a low volume liquid nutrient meal and an isocaloric high volume meal. On a separate study day subjects underwent BT and simultaneous gastric 7 barostat study after administration of the low volume meal. All tests were performed in randomized order after an eight-hour overnight fast and in a relaxed sitting position. Physical activity was restricted during the test.
Meal compositions
The 
Magnetic Resonance Imaging (MRI)
MRI studies were performed in the upright seated position using an open configuration MRI system (0.5 T, Signa SP/l, GE, Milwaukee, Wi, USA) as recently described. (20) Volume scans covering the complete gastric region were performed to assess fasting and, after ingestion of the test meal, postprandial volumes every three minutes until 15 min, every 10 min until 60 min, and finally every 15 min until 120 min. Total gastric volume (TGV), gastric content volume, (GCV) and gastric air volume (GAV (=TGV-GCV)) were identified and plotted over time to generate volume curves (Fig. 1A, B) .(20) MRI gastric emptying rates (ml/min) were calculated by dividing the change in GCV during each time interval after meal ingestion by the 8 duration of the time interval. For analysis of gastric relaxation and emptying, volume data was were fitted to a novel, three parameter GE model (13, (21) (22) (23) 
with V(t) the volume (V) at time t in min. V 0 , κ and t empt are regression estimated constants, defining the total gastric volume (TGV 0 ) and gastric content volume (GCV 0 ) directly after meal administration, the initial volume increase after meal ingestion during a lag phase (κ) and the rate at which the stomach empties (t empt ).
Gastric relaxation (TGV relaxation ) was defined as the volume difference between the (measured) initial postprandial TGV and the baseline TGV in fasting condition (TGV fasting ) and plotted versus the increase in GAV (Fig. 2) , defined as the difference between pre-and postprandial gastric air volume (GAV relaxation ). The emptying halftimes (T½ MRI ) for TGV and GCV were determined from κ and t empt by Newton approximation. C isotope ratio of the breath samples was continuously analyzed using molecular correlation spectroscopy and displayed in real-time. The results were expressed as delta (δ) over baseline (dob = δ s -δ 0 ). (14) To assess the proportion of 13 C-sodium acetate given by mouth that is metabolized, the results were expressed as a percentage dose of 13 C recovered (PDR) over time for each time interval (Fig. 1C) , from which the cumulative PDR (cPDR) obtained by 9 numerical integration from PDR values for each time interval was calculated. (24, 25) The evaluation of the BT for GE was done by non-linear regression analysis of the 13 CO 2 -excretion curves (PDR), (24, 25) resulting in the gastric emptying coefficient (GEC), a reliable parameter describing the rate at which stomach empties. In addition, gastric emptying half-time (T½ BT ) and lag phase (t lag ) were calculated as previously described.(24-26) The
13
C-acetate delivery rates into the duodenum were calculated by following the intragastric 13 C-acetate dose and concentration during the initial volume changes and the postprandial emptying process as assessed by MRI.
Gastric barostat measurements
The gastric barostat assembly comprising a double-lumen polyvinyl tube (Dentsleeve Pty Ltd., Wayville, SA, Australia) attached to a polyethylene bag (1000 ml capacity, 
Gastrointestinal sensory responses
Patients were asked to rate their perception of fullness, nausea, bloating, and abdominal discomfort/pain on a 100 mm visual analogue scale (VAS) before and 0, 
Statistical analysis
MRI
Parameters V 0 , κ, t empt of the GE model were estimated from a single statistical fit to the volume data within each study group (HC and FD patients) using the R library nlme. (31) Average volume curves over all subjects for each meal were calculated (Fig. 1A, B) . Effects of GCV and GAV were compared using a mixed effects model ANOVA, with 'subject' as a random variable and 'treatment' (low / high volume meal) and 'GCV / TGV' or 'GAV' as fixed variables. 
Gastric barostat
Barostat results in HC and FD patients were compared by Student´s t-test. The normal range (mean ± 2SD) for the meal-induced gastric relaxation was calculated from the data in HC (Fig. 3B) . Subsequently, patients were divided into those with normal and those with insufficient meal-induced relaxation.
Gastrointestinal sensory scores
Sensory scores were offset-log transformed by y = log(x+3) to handle against gastric content volumes (Fig. 4) . Linear regression analysis was used to assess the relationship between symptom scores and gastric content and the coefficient of correlation (r) was calculated.
Statistical curve fits and mixed effect model ANOVA were performed using the data analysis and graphics package R. (31) 
RESULTS
Gastric barostat
Barostat measurements with simultaneous BT were performed in 7 HC and 7 FD patients. One patient and one control did not tolerate the gastric barostat assembly.
In both groups, MDP was 8 ± 2 mm Hg. The mean preprandial intragastric balloon volume at MDP + 2 mm Hg was not significantly different in HC and FD patients (HC 205 ± 109 ml vs. FD 122 ± 59 ml, p = 0.10). In all subjects, ingestion of the meal caused an immediate and sustained relaxation of the proximal stomach, reflected by a significant increase in intragastric balloon volume (Fig. 3A) . During the first 35 minutes after meal ingestion, the mean intragastric balloon volume was 549 ± 109 ml in HC and 438 ± 154 ml in FD (p < 0.002 as compared to preprandial volumes),
corresponding to an increase of 344 ± 91 ml and 316 ± 154 ml, respectively (p = 0.68 between HC and FD groups; Fig. 3B ). In FD patients, the maximum gastric relaxation occurred at a later time interval as compared to HC (33 ± 18 vs. 12 ± 6 min; p < 0.02; 
MRI and breath test
Gastric volumes
MR image acquisition and simultaneous BT were performed successfully in all subjects. TGV, residual GCV and GAV in fasting condition were similar in both groups and on both occasions (Tables 2, 3) . After meal ingestion all MR images showed homogeneous gastric contents and no disintegration or layering of the test meal. GCV 0 after ingestion of the 800 ml meal was lower in FD patients than in HC 14 (762 ± 22 vs. 810 ± 52 ml; p < 0.05), indicating faster GE during meal ingestion.
There was also a trend for a smaller relaxation volume in FD patients than in HC (p = 0.08; Table 2 ). GAV pp was larger for the 800 ml meal than for the 200 ml meal (p < 0.05) with a trend to greater increase in GAV relaxation after administration of the high volume meal (p = 0.06, Table 3 Fig. 2 ). In both, HC and FD patients, the TGV and GCV curves after ingestion of the 200 ml meal were characterized by a prominent initial volume increase (higher coefficient κ), which was followed by a typical pattern of GE in all patients (Fig. 1A, B) . This initial volume increase was less pronounced after ingestion of the high volume meal (Fig. 1A, B) , as indicated by the lower coefficient κ (p < 0.001, Table 2 ).
Gastric emptying
T½ MRI was similar in HC and FD patients, but lower for the 800 ml meal as compared to the 200 ml meal (p < 0.001; Table 2 , Fig. 1A, B) , indicating faster GE of the high volume meal. In contrast, breath test parameters T½ BT , GEC and t lag during simultaneous MRI were similar between meals and groups ( Table 4, Fig. 1A, B ).
There was a weak but significant overall correlation in both groups for both meals between T½ MRI and T½ BT (Pearson's correlation coefficient r = 0.53, p < 0.002; being r = 0.80, p < 0.001 for 200 ml meals and r = 0.65, p < 0.01 for 800 ml meals) . During simultaneous barostat study GEC and t lag assessed by BT were significantly lower than during the corresponding MRI study, indicating a faster initial marker delivery into the duodenum ( Table 4) . 15 Mean MRI gastric emptying rates for HC and FD patients were 1.3±0.7 and 1.0±0.8 ml/min for the 200 ml meal and 6.3±1.8 and 5.6±1.6 ml/min for the 800 ml meal 15-90 minutes postprandially (p < 0.001 between meals). The mean intestinal delivery of 
Sensory responses
In both HC and FD patients, perception scores for fullness, nausea and bloating were significantly higher during gastric barostat than during the MRI study (p < 0.01, Table   4 ). This effect was present already prior to meal administration (p < 0.05, data not shown). Ingestion of the 800 ml meal caused a significant increase in fullness in HC and FD (p < 0.05) and in nausea only in FD (p < 0.05) as compared to preprandial scores (data not shown). In both groups fullness scores were higher for the 800 ml meal than for the 200 ml meal (p < 0.001, Table 4 ).
There was a linear correlation between mean fullness scores and mean GCV for both meals in HC and FD patients (200 ml meal in HC: r = 0.88, p < 0.001, in FD: r = 0.74, p < 0.01; 800 ml meal in HC: r = 0.99, p < 0.001, in FD: r = 0.99, p < 0.001; Fig. 4 ). In addition, mean nausea scores were strongly correlated to mean GCV in FD patients (200 ml meal: r = 0.72, p < 0.02; 800 ml meal: r = 0.90, p < 0.01), whereas in HC this correlation could only be demonstrated after ingestion of the 800 ml meal (200 ml meal: r = 0.34, p = 0.32; 800 ml meal: r = 0.78, p < 0.005). On all occasions, FD 13 C-breath test 16 patients had higher discomfort scores (AUC 0-120 ) than HC (p = 0.05, 
Comparison of gastric emptying with and without gastric barostat
Using identical 200 ml meals for BT, a significantly lower GEC and t lag was detected during the concomitant gastric barostat study indicating faster initial gastric emptying;
however there was no effect on T½ BT . This finding is consistent with a recent report by de Zwaart et al. (9) and indicates that the presence of an intragastric barostat balloon interferes with normal gastric function and early postprandial delivery of nutrients (and 13 C-substrate) into the duodenum. It is likely that rapid early gastric emptying is due to volume displacement caused by the large, pressurized intragastric balloon, factors that also explain increased dyspeptic symptoms during barostat studies. The fact that this did not affect T½ BT suggests rapid delivery of nutrients to the duodenum early during the barostat study produces a more pronounced neurohormonal response (e.g. Vagal, CCK, GLP-1) and activation of the 'ileal brake' (i.e. small intestinal nutrient feedback). This mechanism would promote gastric relaxation and slow gastric emptying such that overall meal emptying half-times in MRI and gastric barostat studies remain similar.
Comparison of gastric volume and meal responses in FD patients and controls
Consistent with the study hypothesis, gastric content volumes measured by MRI immediately after ingestion of the 800 ml meal were lower in FD patients than in HC.
TGV 0 and GCV 0 and gastric relaxation after both meals showed a clear trend to lower values in the patient group. These findings indicate more rapid GE during and immediately after meal ingestion in FD patients. This is likely caused by impaired initial gastric relaxation (i.e. accommodation), which is the most commonly reported gastric dysfunction observed in FD patients with early satiety.(1, 39) Similarly gastric barostat measurements revealed that gastric relaxation was slower in FD patients 19 than in healthy controls with the maximum gastric volume achieved later (although ultimately there was no significant difference in maximum bag volume) (Fig. 3A) .
Delayed increase in TGV was the functional correlate on MRI for impaired accommodation detected by barostat in this group of FD patients. These findings suggest that non-invasive MRI assessment of gastric content volumes and total gastric volumes after ingestion of a high volume meal provide a more physiological, sensitive and well-tolerated method to identify disturbed gastric function in FD patients than barostat investigations.
In both, HC and FD patients, the dynamic change of TGV and GCV after ingestion of the 200 ml meal were characterized by a prominent initial volume increase (high coefficient κ), reflecting a higher rate of gastric secretion than gastric emptying in the early postprandial period. (40, 41) This was not seen after ingestion of the isocaloric high volume meal (Fig. 1A, B) , as indicated by the lower coefficient κ ( Table 2) . In both groups, the proceeding pattern of GE was characterized by similar dynamics of TGV, GCV and GAV ( Table 3 ). These findings demonstrate that ingestion of the 800 ml meal is followed by more rapid GE than a 200ml meal, although it cannot be excluded that the low caloric density, low osmolarity meal also stimulated less secretion.
Relationship between gastric volumes and postprandial symptoms
Baseline symptoms before meal ingestion were similar between groups (entry criteria were based on postprandial symptoms with early satiety as a predominant symptom).
A significant correlation between gastric content volumes assessed by MRI and fullness for both meals in both groups was present (Fig. 4) . In contrast, nausea scores were correlated to mean gastric content volumes only in FD patients and in 20 HC after ingestion of the large volume meal. Activation of mechanoreceptors in the gastric body and fundus by balloon distension has been shown to induce the sensation of fullness.
(1) Consistent with this, perception scores for fullness, nausea and bloating were significantly higher during gastric barostat than during MRI ( Table   4) ; an effect which could already be observed before the meal. The additional volume occupied by the intragastric barostat balloon (150 ml pre-, and 500 ml postprandial) appears to have a similar effect on gastric perception as that induced by higher gastric content volumes. Overall, FD patients and healthy controls had similar aggregate symptom scores during the tests, but despite the limited number of subjects there was a trend for higher dyspeptic symptoms such as discomfort scores in FD patients (p = 0.053).
In summary, consistent with the study hypothesis, MRI demonstrated rapid, early gastric emptying during and immediately after meal ingestion in FD patients, likely caused by impaired gastric relaxation in the early postprandial period (i.e. impaired accommodation For all parameters, except for Vfasting, p < 0.001 for 800 ml vs. 200 ml. For all parameters, except for Vfasting, p < 0.001 for 800 ml vs. 200 ml. 
